Foxe3 is a winged helix/forkhead domain transcription factor necessary for mammalian and amphibian lens development. Human FOXE3 mutations cause anterior segment dysgenesis and cataracts. The zebrafish foxe3 cDNA was PCR amplified from 24 h post-fertilization (hpf) embryo cDNA. The zebrafish foxe3 gene consists of a single exon on chromosome 8 and encodes a 422 amino acid protein. This protein possesses 44% and 67% amino acid identity with the human FOXE3 and Xenopus FoxE4 proteins, respectively. A polyclonal antiserum was generated against a bacterial fusion protein containing the Foxe3 carboxyl terminus. The purified antiserum detects zebrafish Foxe3 on immunoblots, in embryo wholemounts, and frozen tissue sections. The zebrafish Foxe3 protein is first detected in the lens at 31 hpf and is restricted to the nucleated cell population, including the epithelial and elongating fiber cells. Knockdown of Foxe3 protein using an antisense morpholino results in small lenses with multilayered epithelial cells and fiber cell dysmorphogenesis. The morphants posses normal retinas, although retinal cell proteins, including rhodopsin, are abnormally expressed in the morphant lens tissue. Functional interactions between foxe3 and pitx3 during lens development were assessed by RT-PCR and comparison of Foxe3 and Pitx3 protein expression in both foxe3 and pitx3 morphants. Immunoblots and immunohistochemistry reveal Pitx3 is expressed in the foxe3 morphant lens, while Pitx3 knockdown results in the elimination of Foxe3 expression. These data demonstrate that Foxe3 is necessary for lens development in zebrafish and that foxe3 lies genetically downstream of pitx3 in a zebrafish lens development pathway.
Introduction
Development of the vertebrate lens occurs through a series of morphologically identifiable stages that include formation of the lens placode, a lens pit and the lens vesicle (Chow and Lang, 2001) . In mammals, the lens placode forms as the result of anterior surface ectoderm thickening, followed by invagination of the placode to form the lens pit. The subsequent deepening and closure of the lens pit results in the lens vesicle, which detaches from the overlying ectoderm and becomes free within the cavity of the surrounding optic cup (Lovicu and McAvoy, 2005) . The thickened zebrafish lens placode can be identified at approximately 16-18 h post-fertilization (hpf) and by 24 hpf, the newly formed lens is separated from the surface ectoderm (Easter and Malicki, 2002; Schmitt and Dowling, 1994) .
Upon lens vesicle separation, the cells commence differentiation into either the central primary fiber cells or a single layer of epithelial cells (McAvoy et al., 1999; McAvoy et al., 2000) . At approximately 36 hpf, secondary fiber cells are differentiating from epithelial cells in the lens germinative zone, which is located towards the proximal pole of the lens near the developing retina (Soules and Link, 2005) . The loss of cellular organelles, including nuclei, from the differentiating fiber cells is necessary for lens cell transparency (Bassnett, 2002; Bassnett and Beebe, 1992; Bassnett and Mataic, 1997) . In zebrafish, a functional lens is present by 72 hpf (Easter and Nicola, 1996) . The coordinated regulation of lens epithelial cell proliferation and movement is necessary for proper secondary fiber cell differentiation and lens growth, which continues throughout the life of the zebrafish.
The signaling pathways and transcription factors, which function in lens induction, also play critical roles during the later stages of lens cell differentiation and continual growth. Pax6 activity is necessary in two phases for lens formation, with Pax6 expression in the lens placode being dependent on its earlier pre-placode activity (Ashery-Padan et al., 2000; Dimanlig et al., 2001) . Similarly, Fgf signaling is required for both lens induction and subsequent lens fiber differentiation Lang, 1999) . A combination of regulatory proteins control crystallin gene expression, which marks the terminal differentiation of the lens fibers. Like other vertebrates, the zebrafish lens expresses high levels of a-, b-, and c-crystallins (Posner et al., 1999; Runkle et al., 2002; Wistow et al., 2005) . Pax6, various Maf proteins, and Prox1 work in concert to regulate crystallin gene expression (Cui et al., 2004; Kondoh, 1999) . The mouse aA-crystallin promoter contains multiple Pax6 and c-Maf binding sites, while L-Maf activity lies downstream of Pax6 for chick lens development (Reza et al., 2002; Yang and Cvekl, 2005) . Thus, the genetic hierarchy of Pax6 and other transcription factors during fiber cell differentiation may differ depending on the species. In mouse, Pax6 haploinsufficiency results in the reduced expression of Pitx3, a transcription factor necessary for lens development in both mammals and zebrafish (Chauhan et al., 2002a; Planque et al., 2001; Shi et al., 2005) . The spatial expression patterns of Pax6 and Pitx3 overlap in the mouse lens, suggesting Pitx3 expression may be directly controlled by Pax6 (Chauhan et al., 2002a; Semina et al., 1997; Walther and Gruss, 1991) .
Foxe3 is a winged helix/forkhead domain transcription factor whose developmental expression is largely limited to the lens in humans and mice (Blixt et al., 2000; Brownell et al., 2000) . In Xenopus, the highly related FoxE4 gene (formerly known as Xlens1) displays a nearly identical expression pattern compared to the mammalian Foxe3 and is considered a functional homolog (Kenyon et al., 1999; Zilinski et al., 2004) . Reduction in Pax6 activity, due to mutation or conditional knockout, eliminates Foxe3 expression, which places Foxe3 downstream of Pax6 in the lens development genetic pathway (Brownell et al., 2000; Dimanlig et al., 2001; Lang, 2004) . Two mutations in the DNA-binding domain of Foxe3 are responsible for the mouse dysgenetic lens (dyl) phenotype, which is characterized by a reduction in lens size and a failure of the lens vesicle to separate from the ectoderm (Blixt et al., 2000; Brownell et al., 2000) . Reduced lens epithelial cell proliferation and premature fiber differentiation also characterize the dyl lens phenotype (Blixt et al., 2000) . In humans, FOXE3 mutations cause various forms of anterior segment dysgenesis and cataracts (Ormestad et al., 2002; Semina et al., 2001) . The recent characterization of a mouse Foxe3 null mutation suggests the dyl and human FOXE3 phenotypes are due to haploinsufficiency (Medina-Martinez et al., 2005; Ormestad et al., 2002) .
Zebrafish eye morphological mutants displaying abnormalities in lens development or maintenance were generated by chemical mutagenesis (Glass and Dahm, 2004; Link et al., 2001; Vihtelic and Hyde, 2002; Vihtelic et al., 2001 Vihtelic et al., , 2005b . To analyze candidate genes corresponding to these mutants and further characterize the molecular basis for ocular lens development in zebrafish and other vertebrates, we identified and began characterizing a zebrafish foxe3 homolog. Foxe3 transcripts are detected at 24 hpf in the epithelial cells of the newly formed lens and Foxe3 protein is expressed in both the epithelial and differentiating secondary fiber cells. To examine foxe3 function during zebrafish lens formation, antisense morpholinos were used to prevent translation of the Foxe3 protein. The foxe3 morphant lens phenotype is characterized by a reduction in size, increased numbers of nucleated cells, a disordered fiber cell arrangement, and alterations in some differentiated cell fates. Also, knockdown of Pitx3 protein expression using antisense morpholinos severely reduced Foxe3 expression, while Foxe3 knockdown failed to affect Pitx3 expression levels. These expression and functional analyses indicate this gene represents the zebrafish ortholog of mammalian Foxe3. Furthermore, the data suggests that foxe3 lies genetically downstream of pitx3 in a pathway regulating lens development in zebrafish.
Results

Cloning zebrafish foxe3
The DNA sequence corresponding to the zebrafish foxe3 transcript was PCR amplified from cDNA generated from 24 hpf embryos using 5 0 and 3 0 -RACE (GenBank Accession No. DQ457020). The deduced amino acid sequence displays significant amino acid identity with various winged helix/forkhead domain gene family members. The zebrafish sequence shares 47% and 44% amino acid identity with the mouse and human Foxe3 proteins, respectively (Fig. 1A) . In addition, the deduced sequence shares 67% amino acid identity with the Xenopus FoxE4 (Xlens1) protein (Fig. 1A) . The Xenopus Xlens1 gene, which is the functional homolog of the mammalian Foxe3, was renamed FoxE4 (Kaestner et al., 2000; Zilinski et al., 2004) . Within the proposed winged helix domain (amino acids 103-180 of the zebrafish protein), only two amino acids differ between the zebrafish Foxe3 and Xenopus FoxE4 sequences (Fig. 1A) . In addition, the zebrafish Foxe3 and Xenopus FoxE4 sequences both possess a stretch of amino acids (amino acids 326-349 of the zebrafish sequence) that is absent in the mammalian Foxe3 proteins. The zebrafish Foxe3 protein also includes an amino terminal domain comprised of 37 amino acids that are not present in either the mammalian Foxe3 or Xenopus FoxE4 proteins. Based on this level of sequence homology with the mammalian and Xenopus Foxe3 and FoxE4 proteins, respectively, and in consultation with the zebrafish nomenclature committee, this zebrafish gene was named foxe3.
The zebrafish Foxe3 sequence relationships with various Fox gene family members from different species were analyzed by sequence alignments and construction of a phylogenetic tree (Fig. 1B) . This analysis reveals the zebrafish Foxe3 sequence falls within the branch of the tree occupied by Xenopus FoxE4, which clusters separately from the mammalian Foxe3 protein sequences of mouse, rat and The deduced zebrafish Foxe3 amino acid sequence (Dr) is aligned with the Xenopus (Xl), human (Hs) and mouse (Mm) Foxe3 sequences. The darkly shaded amino acids are identical in all four sequences, while the lightly shaded residues indicate conserved substitutions. The forkhead homeobox domain, comprised of amino acids 103-180 in the zebrafish protein, is outlined by a box. The zebrafish peptide sequence expressed in the bacterial fusion protein used to generate the Foxe3 polyclonal antiserum is underlined (amino acids 204-404). (B) The phylogenetic tree displays sequence relationships between various Fox protein family members. The zebrafish Foxe3 protein clusters with Xenopus FoxE4 in a branch of the tree that is separate from the mammalian Foxe3 proteins. The scale bar indicates 0.1 amino acid substitutions per position. Abbreviations: Dr, Danio rerio (zebrafish); Xl, Xenopus laevis (African clawed frog); Hs, Homo sapiens (human); Mm, Mus musculus (mouse); Rn, Rattus norvegicus (rat) and Ci, Ciona intestinalis (a sea tunicate).
human. The sequences for other zebrafish Fox genes, such as Foxd1 and Foxd3, also cluster away from their mammalian homologs and fall within the separate tree branches containing the Xenopus FoxD2A and FoxD3A sequences, respectively. These data suggest the zebrafish Foxe3 is more closely related to Xenopus FoxE4 than to Foxe3 of mammals.
The zebrafish foxe3 gene was mapped using the mousezebrafish LN54 radiation hybrid panel (Hukriede et al., 2001 (Hukriede et al., , 1999 . The foxe3 gene localized 13.58 cR from marker fc96g04 on Chromosome 8 (LOD score of 12.9). The foxe3 DNA sequence was also compared to the zebrafish genomic sequence database (http://www.ncbi.nlm.nih.-gov/BLAST/). Zebrafish nucleotide sequence CR361569 (gi: 58331731) from the chromosome 8 genomic contig CH211-99I20 contains the entire foxe3 cDNA as a contiguous sequence. This reveals the zebrafish foxe3 gene lacks introns, which is the same gene structure observed for FOXE3 in humans and the Foxe3 genes in other mammals.
Temporal and spatial expression of the foxe3 gene during early development
RT-PCR and tissue in situ RNA hybridizations were used to examine foxe3 gene expression patterns during development (Fig. 2) . Foxe3 transcripts were detected by RT-PCR at all time points examined, including a low level of maternal transcript that was amplified at 2 hpf ( Fig. 2A) . The relative expression levels observed using this method suggest that foxe3 expression increases until it reaches a maximum at 18-24 hpf, which corresponds to the lens placode stage and the start of primary lens cell differentiation. The foxe3 transcripts were also detected in the adult lens and brain ( Fig. 2A) .
Wholemount in situ hybridization, using an in vitrotranscribed foxe3 antisense probe, identified foxe3 expression in the developing eye at 24 hpf (Fig. 2B) . In the eye, foxe3 transcript levels were highest in the lens epithelial cells (Fig. 2C, arrows) . A restricted area of expression within the brain was also identified at 24 hpf (Fig. 2C , arrowheads). Transcription of foxe3 in the lens epithelial cell layer persisted at 72 hpf (Fig. 2D, arrows) . In situ hybridization with a foxe3 sense probe failed to reveal any signal at these developmental stages (data not shown).
Temporal and spatial expression of the Foxe3 protein
To examine the temporal and spatial expression patterns of Foxe3 protein, we generated rabbit polyclonal antiserum against a bacterial fusion protein containing amino acids 204-404 of the zebrafish protein. The protein A-purified antiserum recognized a protein in 24 hpf whole embryo extracts, which migrated with an apparent molecular weight of 54 kDa; slightly larger than the calculated molecular weight of 46 kDa (Fig. 3, arrows) . This Foxe3 protein was barely detectable at 20 hpf, as longer exposures of the immunoblots were necessary to reveal the single, distinct 54 kDa band (data not shown). A smaller protein with an RT-PCR demonstrates the temporal expression of foxe3 during embryonic development. A low level of maternal foxe3 transcript is detected (2 hpf) and foxe3 expression levels increase at 14-18 hpf. In addition, foxe3 transcription is detected in adult lens and brain. As a control, b-actin amplification is shown in the lower panel. (B-D) Whole-mount in situ hybridization demonstrates foxe3 spatial expression at 24 and 72 hpf. Expression of foxe3 is largely restricted to the eye (panel B, arrow) with highest transcript levels detected in the lens epithelial cells at 24 and 72 hpf (arrows in panels C and D, respectively). Restricted expression within the brain is also detected at 24 hpf (panel C, arrowheads). approximate molecular weight of 46 kDa was also detected in the embryonic and larval head extracts (2 dpf through 7 dpf), although its presence and intensity on the immunoblots were inconsistent compared to the 54 kDa protein band (Fig. 3) . While the 54 kDa protein was always detected by the antiserum and consistently displayed strong signal intensity, the 46 kDa protein was sometimes undetectable or gave variable results relative to the 54 kDa protein (data not shown). Post-translational modifications of Foxe3 may account for the retarded electrophoretic migration and the apparent molecular weight discrepancy. The identity of the Foxe3 protein was further verified by morpholino knockdown, with the morphant extracts lacking both the 54 and the 46 kDa bands (see Fig. 5 ). The immunoblot data, in combination with the lens-specific expression pattern obtained by tissue immunolocalization (Fig. 4) , demonstrates the specificity of the Foxe3 antiserum.
The Foxe3 protein was immunolocalized in wholemount embryos and eye tissue sections to reveal the spatial expression pattern (Fig. 4) . The Foxe3 protein was first detected in wholemount at 31 hpf in the developing lens (data not shown). At 48 hpf, the Foxe3 signal visualized in wholemount embryos was largely confined to the lens (Fig. 4A) , although a localized region of staining was also detected within the brain (data not shown). Immunolabeling 48 hpf frozen tissue sections revealed Foxe3 in the differentiating central cells of the lens, although the signal was weak and diffuse at this time point (data not shown). By 4 dpf, Foxe3 expression was robust and restricted to the more peripheral lens cells on frozen sections (Fig. 4B) .
To examine the lens cell-type expression pattern of the Foxe3 protein, frozen sections of 5 dpf larvae were double labeled using the anti-Foxe3 polyclonal antiserum and either a monoclonal antibody that detects the lens-specific antigen zl-1 or AF488-conjugated phalloidin to stain actin (Fig. 4 , panels C-F). The lens-specific zl-1 antigen likely corresponds to one of the zebrafish c-crystallins (unpublished results; G. Wistow) and is detected in a relatively thin layer of cortical fiber cells around the entire lens circumference, including the base of the distal (anterior) epithelial cells (personal observations; J. Costello). At 5 dpf, the labeling patterns generated by the Foxe3 and zl-1 antibodies overlap around the majority of the lens perimeter, but were distinct in the region occupied by the most distal lens epithelial cells (Fig. 4 , panels C and D). In this region of the lens, Foxe3 protein (Fig. 4C, arrowheads) was expressed distal to the zl-1 immunolocalization (Fig. 4D,  arrows) . In addition, the zl-1 and Foxe3 immunolocalization patterns overlapped in the region near the lens equator, which is occupied by the elongating secondary fiber cells (compare Fig. 4 , panels D-C, asterisks).
Staining the lens cell nuclei of anti-Foxe3-labeled sections with propidium iodide revealed that Foxe3 protein expression corresponded to the nucleated lens cell population, including both the epithelial cells and the subpopulation of newly differentiating fiber cells that still retained their nuclei (Fig. 4E , arrowheads and arrows, respectively). A predominately nuclear localization pattern for transcription factors such as Foxe3 might be expected. However, the cytoplasmic distribution of the protein in the peripheral fiber cells may coincide with the early stages of differentiation-dependent nuclear degradation, which could cause the protein to redistribute (Bassnett and Beebe, 1992; Bassnett and Mataic, 1997) . Foxe3 expression did not overlap with the majority of the fiber cell actin staining, which extended further into the more central lens fibers (Fig. 4F, asterisks) . In some sections, Foxe3 protein was also detected in a sparse pattern within the extraocular portion of the optic nerve and the nerve fiber layer (data not shown), although protein was not detected in any of the retinal cells (Fig. 4B) .
Antisense morpholino knockdown of zebrafish foxe3 disrupts eye formation
The function of foxe3 during zebrafish eye development and maturation was examined using morpholino oligomers to interfere with Foxe3 protein translation Ekker, 2000, 2001) . Two different morpholinos (designated foxe3 81-57 and foxe3 140-116) were designed to hybridize to non-overlapping sequences in the 5 0 -UTR region of the zebrafish foxe3 transcript. A control morpholino containing five mismatches relative to foxe3 81-57 was also used. Injection of the control morpholino into 1-4 cell-stage embryos failed to cause any discernible phentoype during embryonic and early larval development, while both foxe3 81-57 and foxe3 140-116 caused very similar eye phenotypes as demonstrated by their macroscopic and histological appearance. The foxe3 81-57 morphants are described in this report.
Foxe3 protein levels in the morphants and controls were examined by immunoblot (Fig. 5A) . At 3 and 4 dpf, Foxe3 protein was not detected in the morphant protein extracts, Fig. 4 . Foxe3 immunolocalization. The purified Foxe3 antiserum was used to localize protein expression in the lens by whole-mount labeling of wild-type embryos (panel A) and 4 and 5 dpf frozen larval eye sections (panels B-F). The Foxe3 protein is detected in the lens at 48 hpf (panel A, arrow). On frozen eye sections at 4 dpf, the majority of Foxe3 protein in the lens is localized to the most peripheral cells and the protein is not detected in the retina (panel B). The double immunolocalization of Foxe3 and zl-1 is shown in panels C and D. The Foxe3 signal (panel C, red) is most intense in the region of the distal (anterior) epithelial cells (arrowheads) with more diffuse labeling in the region corresponding to the cortical fibers and the elongating fiber cells (asterisks). In the overlay of the Foxe3 and zl-1 patterns (panel D), zl-1 expression (green) is detected in the elongating fiber cells (asterisks) and at the base of the distal epithelial cells (arrows). Foxe3 expression in the distal epithelial cells (arrowheads) does not overlap with the strong zl-1 signal in the cortical fibers at the base of these epithelial cells (arrows). In panel E, the anti-Foxe3 labeling (green) overlaps with propidium iodide-stained lens cell nuclei (red) in the region of the elongating fiber cells (arrows) and the epithelial cells (arrowheads). In comparison, Foxe3 expression (red) does not overlap with the majority of the actin localized in the differentiated fiber cells (green) of the lens cortex (panel F, asterisks). Scale bars = 125 lm (panel A) or 50 lm (panels B-F). Abbreviations: PL, photoreceptor layer; INL, inner nuclear layer and GCL, ganglion cell layer.
while both the mismatch control morpholino-injected and the uninjected controls expressed equivalent levels of the Foxe3 protein with the majority consisting of the 54 kDa form (Fig. 5A , arrow). At 5 dpf, Foxe3 protein was present at a reduced level in the morphant extracts relative to the levels detected in both the mismatch control-injected and the uninjected control extracts. In addition, near wild-type levels of the Pitx3 protein and actin were detected in the foxe3 morphants and controls at 3, 4 and 5 dpf (Fig. 5, panels B and C, respectively; arrows) . Thus, the foxe3 morpholino reduced Foxe3 protein to undetectable levels during the first 4 days of development. The failure of the mismatched control morpholino to affect Foxe3 expression and the normal expression of actin and Pitx3 in the foxe3 morphants further demonstrated the specificity of the antisense knockdown of Foxe3.
The foxe3 morphants exhibited a phenotype characterized by eyes that were slightly reduced in size and pupils that were smaller in diameter relative to the controls (Fig. 6) . At 3 dpf, approximately one third of the morphants were phenotypically indistinguishable from the uninjected control (compare Fig. 6D-A) . The remaining morpholino-injected embryos possessed slightly shorter bodies that were sometimes accompanied by minor pericardial effusion or dorsal-ventral axis deviations (not shown). At 4 dpf, the reduction in the morphant eye and pupil size relative to the controls was more prominent relative to 3 dpf (compare Fig. 6E -B), although some morphants possessed eyes of near wild-type size (Fig. 6J ). In the most extreme cases, the foxe3 morphant eyes lacked a pupillary opening at 5 dpf (Fig. 6F ). In comparison, the embryos injected with the mismatched control morpholino were indistinguishable from the uninjected controls (compare Fig. 6 , panels G-I to A-C).
We quantified the eye and pupil phenotypes caused by the foxe3 knockdown in two ways. First, the percentage of morphants displaying the abnormal eye phenotypes increased from 55% (n = 54) to 69% (n = 175) as the injected morpholino concentration was increased from 1 to 1.5 lg/ll. Second, we compared the morphant eye and pupil dimensions relative to uninjected control zebrafish at 5 dpf (Fig. 6, panels J and K) . The control eye dimensions averaged 173.97 lm in length and 146.55 lm in width (SD = 5.13 and 5.68, respectively; n = 50), while the morphant eyes were slightly smaller at 164.23 by 138.63 lm (SD = 10.38 and 10.27, respectively; n = 67). In addition, the average control pupil dimensions, 81.10 by 68.10 lm (SD = 5.60 and 3.42, respectively) were larger than the average morphant pupil dimensions, 62.67 by 50.57 lm (SD = 17.75 and 16.37, respectively). Each of the morphant eye and pupil dimensions were significantly smaller relative to the controls (p < 0.001). Furthermore, the variations in the morphant eye and pupil sizes were greater than the variations in the control eye sizes (Fig. 6 , panels J and K). This was consistent with the total lack of pupils in some of the morpholino-injected embryos. Thus, the phenotypic variability exhibited by the foxe3 morphants represented a continuum of ocular abnormalities that included eye and pupil sizes that approximated the wildtype condition, as well as severely affected individuals with small eyes lacking pupils. These data suggest that knockdown of zebrafish Foxe3 affects the developing anterior Fig. 5 . Immunoblot analysis of morpholino-mediated Foxe3 knockdown. Protein was extracted from foxe3 morphants and controls for immunodetection using anti-Foxe3, anti-Pitx3 or anti-b-actin serum. At 3 and 4 dpf, Foxe3 protein is not detected in the morphants (M), while wild-type Foxe3 levels are expressed in the mismatch control morpholino-injected (mmC) and uninjected (uiC) controls. At 5 dpf, nearly equivalent amounts of Foxe3 are detected in the foxe3 morphant and both controls. In comparison, the foxe3 morphants express wild-type levels of both Pitx3 and b-actin at all three ages. segment, including the lens, iris and cornea. The developmental abnormalities in the iris and cornea may be secondary to the impaired lens development.
Histological and immunohistochemical analysis of the foxe3 morphant eyes revealed defects in lens formation and cell differentiation
The underlying morphant eye defects caused by the reduction in Foxe3 protein were examined by histology (Fig. 7) . The morphant lens and retinal morphologies were compared to both the mismatched morpholino-injected and uninjected controls. At 3 dpf, the uninjected control lens contained a single layer of epithelial cells and the majority of the differentiated lens fibers had lost their nuclei (Fig. 7 , panels A and E). The nuclei of the newly differentiating fiber cells, located towards the proximal pole of the lens close to the retinal ganglion cell layer, were identified by their elongated morphology (Fig. 7 , panels A and E, arrows). As growth continued and new secondary fiber cells were progressively added to the lens, the epithelial cells and their nuclei became thinner and more difficult to discern relative to the large mass of fully differentiated central fiber cells (Fig. 7 , panels C and G). The histological Fig. 6 . The foxe3 morphants display reduced eye and pupil size. The foxe3 morphants (panels D-F) are compared to uninjected (panels A-C) and mismatch control morpholino-injected embryos (panels G-I) at 3, 4 and 5 dpf. At 3 dpf, the eyes of the foxe3 morphants (panel D) are slightly reduced in size compared to the controls (panels A and G). At 4 dpf, small pupils also characterize the morphants (compare panel E to panels B and H). The eyes of some morphants lacked a pupillary opening at 5 dpf (compare panel F to panels C and I). The distribution of eye dimensions that were measured along the anterior-posterior axis (length) and dorsal-ventral axis (width) of uninjected control and foxe3 morphants (5 dpf) are shown in panel J. The distributions of control and foxe3 morphant pupil dimensions are also shown (panel K). Fig. 7 . Histology of the foxe3 morphant eyes. Plastic resin-embedded sections of controls (panels A-H) and foxe3 morphants (panels I-P) were stained with methylene blue/azure II. At 3 and 5 dpf, the wild-type retina is laminated into three nuclear layers (panels A and C, uiControl). High magnification images (panels E and G) demonstrate the wild-type lens organization is characterized by a single layer of epithelial cell nuclei (arrowheads) surrounding the central lens fiber cells. Nuclei of elongating fibers are identified near the proximal lens pole (arrows). The retinal and lens morphologies of the mismatch control morpholino-injected (mmControl, panels B, D, F and H) embryos did not differ significantly from the wild-type eye morphology. Sections of the foxe3 morphant eyes at 3, 4, 5 and 7 dpf are shown in panels I-L with higher magnification views of morphant lenses shown in panels M-P. At 3 dpf (panels I and M), the morphant lens epithelial cell nuclei are enlarged, disorganized and multilayered (arrows). In addition, some fiber cells are swollen with retained nuclei (asterisks). These epithelial cell abnormalities are also evident at 4 dpf (panels J and N, arrowheads). At 5 dpf, the morphant lens exhibits a more homogenous appearing population of nucleated cells (panels K and O) with a relatively small fiber cell mass (panel K, arrow). At 7 dpf, the nucleated cells of the morphant lens appear organized into layers (panels L and P, asterisks). Some morphant lens epithelial cells also exhibit pigmentation at 5 and 7 dpf (panels O and P, arrowheads). The morphant lenses shown at high magnification in panels M, O and P are from different morphant eyes than those shown in panels I, K and L, while the lens in panel N is the same as shown at lower magnification in panel J. Scale bars = 50 lm. Abbreviations: PL, photoreceptor layer; INL, inner nuclear layer; GCL, ganglion cell layer; OpN, optic nerve; uiControl, uninjected control and mmControl, mismatch morpholino-injected control.
appearance of the lens and retinas of the mismatch control morpholino-injected embryos did not differ significantly from the uninjected controls at both 3 and 5 dpf (compare Fig. 7 , panels B, F, D and H-A, E, C and G, respectively).
At 3 and 4 dpf, the morphant lens exhibited several abnormalities relative to the control lens at these ages (Figs. 7, panels I, J, M and N) . First, the foxe3 morphant lens epithelial cells were multilayered. In the 3 dpf morphant sections, this was most evident near the proximal pole of the lens in the region of the differentiating secondary fibers (Fig. 7 , panels I and M, arrows). In addition, some of the central fiber cells were nucleated and appeared swollen in the morphant lens at 3 dpf (Fig. 7, panel M, asterisks) . At 4 dpf, the morphant lens appeared similar to 3 dpf, although, in this example, the multilayered cells are more prominent in the distal epithelial cell population adjacent to the cornea (Fig. 7, panels J and N, arrowheads) . In addition to the multilayered epithelial cell arrangement, many of the morphant lens nuclei appeared enlarged and were disordered compared to the controls whose epithelial cells were consistent in size and arrayed in ordered fashion (compare Fig. 7, panels M and N to E and F) .
At 5 dpf, the nucleated cells within the morphant lens were more homogenous in size and staining quality compared to the aberrant nucleated cell population at 3 dpf (compare Fig. 7 , panels K and O to G and H). In addition, the nucleated cell population appeared to contribute to a greater percentage of the morphant lens mass relative to any histologically discernable fiber cell mass (Fig. 7, panel K, arrow) . In a particularly severe example, nearly the entire morphant lens was composed of nucleated cells with no morphological evidence of fiber cells (Fig. 7O) . At 7 dpf, the large numbers of nucleated cells persisted in the morphant lens and appeared to be organized into multiple layers similar to the laminated cell arrangement that characterized the retina (Fig. 7 , panels L and P, asterisks). As with the cases at 5 dpf, some morphant lenses at 7 dpf possessed a circular fiber cell mass, while others displayed nearly all nucleated cells (compare Fig. 7 , panels L-P). In addition, 5 and 7 dpf morphant lens cells that were located in the region normally occupied by the distal (anterior) epithelial cells were now pigmented (Fig. 7 , panels O and P, arrowheads). The pigmentation of the morphant lens appeared similar to the pigmentation of the iris and suggested the morphant lens cell fates were altered, although accurate interpretation of lens cell differentiation fates is very difficult at this stage due to the severity of the morphant lens phenotype. In contrast, the retinal organization observed in the morphant eye was equivalent to the control at all time points examined (Fig. 7 , compare panels I-L to A-D). Thus, a reduction in Foxe3 protein during development and early lens growth caused defects in the formation of the lens with no detectable retinal morphological phenotype.
The increased numbers of nucleated cells in the foxe3 morphant lens at 5 and 7 dpf, suggested increased cell proliferation may contribute to the morphant lens phenotype. Therefore, PCNA immunolocalization was used to assess the proliferative state of these cells (Fig. 8) . At 3 dpf, the morphant lens exhibited a few more PCNA-positive cells compared to the control, however, the staining intensity was low and it was difficult to discern individual cells at this time point (data not shown). In the 5 and 7 dpf controls, PCNA-positive cells were clearly identified in the proximal lens epithelium and the circumferential germinal zone of the retina (Fig. 8 , panels A and C; arrows and arrowheads, respectively). In comparison, the foxe3 morphant lens displayed large numbers of intensely stained PCNA-positive cells (Fig. 8, panels B and D) . At 5 dpf in the morphant lens, the majority of the PCNA-expressing cells were localized proximally, adjacent to, but not within, the retinal ganglion cell layer (Fig. 8, panel B, arrows) . This localization of proliferating cells in the morphant lens is consistent with the histology that demonstrated large numbers of nucleated cells within this same anterior segment region (Fig. 7, panels K and O) . At 7 dpf, most of the morphant lens PCNA-positive cells were located adjacent to the abnormally pigmented lens surface (Fig. 8 , panel D, double arrows) and appeared to bridge the apposing iris edges (Fig. 8, panel D, arrows) . Therefore, the lack of Foxe3 protein in the zebrafish lens during development, is associated with increased cell proliferation that becomes most evident at 5 dpf and persists until at least 7 dpf.
The cellular organization and differentiation in the foxe3 morphant eyes were further examined by staining the nuclei and actin filaments and immunolabeling with different lens and retina cell type-specific antibodies between 3 and 7 dpf (Fig. 9) . At 3 dpf, actin staining in the control lens was largely restricted to the membranes of cortical fiber and epithelial cells (Fig. 9 , panels A and B). Individual elongating secondary fibers were evident near the proximal pole of the lens (Fig. 9 , panels A and B, arrows). The fiber cell arrangement, as defined by the actin localization pattern, was more dense within the lens cortex adjacent to the distal (anterior) epithelial cells (Fig. 9B ). In addition, the phalloidin conjugate stained actin within the epithelial cell membranes (Fig. 9B, asterisks) . In contrast, the severely affected foxe3 morphant lens exhibited a disorganized actin arrangement throughout the disrupted lens structure (Fig. 9 , panels C and D). In this morphant lens, elongating fiber cells could not be discerned (Fig. 9D, arrows) and the actin pattern within the epithelial cell layer was interrupted and irregular (Fig. 9D, asterisks) compared to the control lens (Fig. 9B) .
At 7 dpf, the lens actin staining in the control was restricted to the lens cortex and the fiber cells appeared densely packed, although individual nuclei-containing elongating fiber cells were identifiable near the lens proximal pole (Fig. 9 , panels E and F, arrows). Several features characterized the stained morphant lens at 7 dpf compared to 3 dpf (compare Fig. 9 , panels G and H to C and D). First, less filamentous actin was present in the morphant lens at 7 dpf (Fig. 9, panels G and H) . In addition, nucleated actin-expressing cells were contiguous between the lens and cornea (Fig. 9G, double arrow) . The cornea also exhibited a mass of large nucleated cells (Fig. 9H, asterisks) . Finally, a sheet of pigmented cells was located between the lens and cornea and appeared to obscure the potential pupillary opening (Fig. 9, panels G and H, arrowheads) .
The actin localization pattern in the control retinas highlighted the inner and outer plexiform layers (Fig. 9A,  arrowheads) . The morphant retinas appeared equivalent to the controls at both 3 and 7 dpf (compare Fig. 9 , panels C and G to A and E, respectively). These data are consistent with the histological analysis and further suggest there is no retinal phenotype displayed by the zebrafish foxe3 morphants. The actin localization patterns demonstrated that both the lens epithelial cells and fiber cells were affected by the reduction in Foxe3 protein. The actin expression pattern associated with the nucleated cell populations in the morphant lens changed between 3 and 7 dpf, which is consistent with the histological differences described at 3, 5 and 7 dpf (see Fig. 7 ).
The expression patterns of various cell differentiation markers were also analyzed in the foxe3 morphant eyes. In zebrafish, aA-crystallin serves as a lens-specific chaperone-like molecule, which is similar to the mammalian ortholog (Dahlman et al., 2005) . Affinity purified polyclonal antiserum was utilized to examine aA-crystallin expression in the foxe3 morphant lens relative to the uninjected and mismatch morpholino-injected controls (Fig. 9 , panels I-L). At 5 dpf, high aA-crystallin levels were detected in the cortical fiber cells encircling the control lens (Fig. 9,   Fig. 8 . Cell proliferation in the foxe3 morphant lens. Frozen sections from control and foxe3 morpholino-injected embryos were immunolabeled for PCNA, a marker for proliferating cells. The control lens exhibits very few PCNA-positive cells at 5 and 7 dpf (panels A and C, respectively; arrows). Large numbers of anti-PCNA-labeled cells are identified in the foxe3 morphant lens at these ages (panels B and D, arrows). Small groups of PCNA-expressing cells are identified in the retinal circumferential marginal zones of both control and morphant eyes (panels A-D, arrowheads). A region of PCNA-labeled cells extends from the iris across the lens in the 7 dpf foxe3 morphant (panel D, double arrow). In addition, a region of cell proliferation in the brain is identified in the 5 dpf foxe3 morphant section (panel B, asterisk). Scale bars = 50 lm. Abbreviations: PL, photoreceptor layer; INL, inner nuclear layer and GCL, ganglion cell layer. Fig. 9 . Immunohistochemical analysis of foxe3 morphant lens and retina. Frozen eye sections of uninjected controls (panels A, B, E and F) and foxe3 morphants (panels C, D, G and H) were stained with phalloidin-AF488 and propidium iodide to label actin filaments and cell nuclei, respectively. At 3 dpf in the uninjected control, actin is localized in the retinal plexiform layers (panel A, arrowheads) and the membranes of the lens cells (panel A, low magnification; panel B, high magnification). The phalloidin-stained 3 dpf control lens (panel B) demonstrates actin localization in the elongating lens fibers near the proximal lens pole (arrows) and epithelial cell membranes (asterisks). The 3 dpf morphant retinal structure is equivalent to the control based on the actin staining pattern (compare panel C to A, arrowheads), while the morphant lens actin localization pattern is abnormal (panels C and D). At 3 dpf, the morphant lens (panel D) exhibits a failure of lens fiber elongation (arrows) and disorder in the fiber cell and epithelial cell (asterisks) populations. At 7 dpf, the control lens actin staining (panels E and F) is restricted to the cortical fibers (green) and overlaps with the more peripheral population of nucleated cells (panel E, low magnification; panel F, high magnification shows only the actin staining). The region of elongating fiber cells can be identified (panels E and F, arrows). Two different 7 dpf morphant lens are shown in panels G and H, with both revealing many nucleated cells (red) that fail to express actin (green). Nucleated cells are contiguous between the morphant lens and the cornea (panel G, double arrows). In addition, pigmented cells cover the lens (panels G and H, arrowheads) and the corneal nuclear arrangement is abnormal (panel H, asterisks). aA-crystallin protein was immunolocalized in the lens of control and foxe3 morphants (panels I-L). In the uninjected and mismatch control morpholino-injected embryos (panels I and J, respectively) at 5 dpf, high levels of aA-crystallin protein (green signal) are detected in the lens periphery. aA-crystallin is also detected in the morphant lens at 4 and 5 dpf (panels K and L, respectively), although the localization pattern differs from the controls (compare panels K and L to I and J). Retinal cell antigens were also immunolocalized in control and foxe3 morphant frozen sections (panels M-P). In the controls, rhodopsin and zpr-1 antibodies label the rod and double cone photoreceptors, respectively (panel M, green and red signals, respectively), while HuC/D protein is detected in differentiated amacrine and ganglion cells (panel N, green signal). Some morphant lens display aberrant expression of retinal cell markers. The morphant lens in panel O exhibits rhodopsin and zpr-1 expression (arrows), while the morphant lens in panel P displays abberant HuC/D expression (arrows). The green signal on the posterior surface of the lens in panel O represents autofluorescence and not primary antibody detection. Scale bars = 50 lm. Abbreviations: PL, photoreceptor layer; INL, inner nuclear layer; GCL, ganglion cell layer; OpN, optic nerve; uiControl, uninjected control and mmControl, mismatch morpholino-injected control. panels I and J). In the morphants at 4 and 5 dpf, high levels of aA-crystallin protein expression were also detected, although the altered morphant lens morphology affected the spatial localization of this crystallin protein (Fig. 9 , panels K and L).
Different retinal cell types were also immunolabeled (Fig. 9 , panels M-P), including the rod and double cone photoreceptors using an anti-rhodopsin polyclonal antiserum and the zpr-1 monoclonal antibody, respectively (Larison and Bremiller, 1990; Vihtelic et al., 1999) . In addition, the retinal amacrine and ganglion cells were identified using a monoclonal antibody that detects the HuC/D RNA binding protein (Marusich et al., 1994) . The spatial distribution of these cell markers in the morphant retinas appeared equivalent to the controls (data not shown). Significantly, some foxe3 morphants expressed these retinal cell markers in subpopulations of lens cells (Fig. 9 , panels O and P, arrows). In one example, a group of cells within the morphant lens expressed both rhodopsin and the double cone cell marker identified by the zpr-1 antibody (Fig. 9O,  arrows) . Close inspection of the labeled cells in this morphant lens revealed morphologies that resembled photoreceptors. In addition, the HuC/D protein was identified in some of the morphant lens cells (Fig. 9P, arrows) . Misexpression of these retinal cell markers was not observed in any of the control eyes (Fig. 9, panels M and N) . The expression of retinal cell markers in the foxe3 morphant lens may be another example of the morphant lens cells adopting an abnormal cell fate. Alternatively, the anterior optic cup tissue may have collapsed due to the reduced lens size or become incorporated into the morphant lens cell mass, which could also account for the abnormal spatial expression of these retinal cell markers.
To confirm the presence of lens tissue in the 7 dpf foxe3 morphants, aA-crystallin and the lens-specific zl-1 marker were immunolocalized in frozen sections (Fig. 10) . In the controls, the aA-crystallin protein and the zl-1 antigen were localized to the peripheral lens cells (Fig. 10 , panels A and B, respectively; arrows), which is consistent with their localization patterns in the lens at earlier ages (Figs. 4 and 9, panels D and I, respectively). In the foxe3 morphant lens at 7 dpf, the localization patterns for both of these proteins were disrupted compared to the patterns in the controls (Fig. 10 , panels C and D, arrows). Close inspection of the immunolabeled sections revealed the majority of the nucleated cells in the region of the anterior Fig. 10 . Lens cell marker expression in 7 dpf foxe3 morphants. Frozen sections from control (panels A and B) and morpholino-injected (panels C and D) embryos were immunolabeled for aA-crystallin and the zl-1 antigen at 7 dpf. In the controls, high levels of these proteins are detected in the peripheral lens cells (panels A and B, arrows). In the morphant lens, a subpopulation of cells express these proteins in an aberrant pattern (panels C and D, arrows). The asterisks in panels C and D mark the nucleated lens cell population. The scale bar (50 lm) in panel A applies to all panels. Abbreviations: PL, photoreceptor layer; INL, inner nuclear layer and GCL, ganglion cell layer. chamber normally occupied by the lens, did not express these lens tissue markers (Fig. 10 , panels C and D, asterisks). This demonstrates the proliferating cells that accumulate in the foxe3 morphant anterior chamber at 5 dpf (Figs. 7 and 8) , have not differentiated into either aA-crystallin-or zl-1-positive lens cells. Fig. 11 . Relationship between Foxe3 and Pitx3. Foxe3 and Pitx3 protein immunolocalization in 5 dpf larval frozen sections is shown in panels (A-E). Immediately adjacent sections were labeled with either Foxe3 or Pitx3 polyclonal antiserum (panels A and B, respectively; green signal). The two different antibodies detect their respective proteins in nearly identical patterns on these sections (arrows and arrowheads; nuclei were stained with propidium iodide [red signal]). The purified Foxe3 and Pitx3 antibodies were conjugated to either AlexaFluor-488 or -594, respectively and used to colabel lens sections (panels C-E). The individual signals corresponding to Foxe3 (green, panel C) or Pitx3 (red, panel D) overlap in the merged image (panel E). Scale bars = 50 lm. Abbreviations: GCL, ganglion cell layer. RT-PCR was used to assess foxe3 and pitx3 gene expression in the foxe3 or pitx3 morphants at 2, 6 and 12 hpf (panel F). Foxe3 and pitx3 transcripts are detected at all three time points in wild-type embryos. In addition, both foxe3 and pitx3 transcripts are detected in the foxe3 morphants. In contrast, foxe3 transcripts are not detected in the pitx3 morphants at 12 hpf. Control RT-PCRs lacking reverse transcriptase (no RT) failed to amplify any of the three targets.
Foxe3 and Pitx3 proteins colocalize in the zebrafish lens
Both Foxe3 and Pitx3 are critical for vertebrate lens development (Blixt et al., 2000; Brownell et al., 2000; Sanyal and Hawkins, 1979; Semina et al., 2000 Semina et al., , 2001 Semina et al., , 1997 Shi et al., 2005) . Therefore, we compared the spatial expression patterns of both proteins in the zebrafish lens. Our previous Pitx3 antisera, generated against a carboxyl terminal peptide, was effective at detecting Pitx3 on immunoblots, but not in tissue (Shi et al., 2005) . We generated a new Pitx3 polyclonal antiserum against a bacterial fusion protein that contained the 119 carboxyl terminal amino acids of zebrafish Pitx3. The new anti-Pitx3 serum detected Pitx3 on both immunoblots and frozen tissue sections.
We examined coexpression of the Foxe3 and Pitx3 proteins in the lens by frozen section immunohistochemistry (Fig. 11) . Both the Foxe3 and Pitx3 antisera were generated in rabbits; therefore, we could not perform standard double label indirect immunofluorescent studies. Thus, we individually labeled adjacent lens sections with the anti-Foxe3 and anti-Pitx3 sera. In two immediately adjacent sections, the Foxe3 and Pitx3 immunolocalization patterns appeared nearly identical (Fig. 11, panels A and B, respectively) . As already demonstrated, the Foxe3 protein was restricted to the outer-most aspects of the lens within the nuclei-containing cell population, including both elongating fibers and epithelial cells (Fig. 11A , arrows and arrowheads, respectively). Similarly, Pitx3 was restricted to the same cell population with the strongest signal in the lens cortex and epithelial cells in a pattern that extended around the lens circumference (Fig. 11B, arrows and arrowheads) .
Similar to the Foxe3 spatial expression pattern, Pitx3 also appeared to be distributed within the cytoplasm of the most peripheral fiber cells and was not restricted to the lens cell nuclei.
As an independent assessment of these protein expression patterns, the purified Foxe3 and Pitx3 polyclonal antisera were conjugated to either the AlexaFluor-488 or -594 fluorophores for simultaneous labeling of the same lens sections (Fig. 11, panels C-E) . Using these fluorescent-labeled polyclonal antisera, both the Foxe3 and Pitx3 proteins were localized to the regions of the elongating fibers and epithelial cells (Fig. 11 , panels C-E, arrows and arrowheads, respectively). In these experiments, the localization patterns of Foxe3 and Pitx3 appeared similar to the patterns obtained by the single immunolocalizations, although the distinct lens cortical cell expression pattern obtained using the standard immunofluorescent labeling technique was not as evident (compare Fig. 11 , panels C and D to A and B, respectively). Regardless, the nearly identical Foxe3 and Pitx3 expression patterns obtained in these experiments strongly suggested these two proteins colocalized at the cellular level within the zebrafish lens.
Because these two transcription factors colocalized in the lens, we examined for potential genetic interactions between Foxe3 and Pitx3 by RT-PCR in foxe3 and pitx3 morphant embryos (Fig. 11F) . In wild-type embryos, both foxe3 and pitx3 gene transcription was detected at 2, 6 and 12 hpf. The presence of mRNA at 2 and 6 hpf likely represents a maternal contribution to the egg, while expression at 12 hpf is well into the period of zygotic transcription. This amplification profile was consistent with the foxe3 Fig. 12 . Foxe3 protein expression is reduced in pitx3 morphants. Immunoblot analysis of protein expression in the pitx3 morphants was used to further assess possible genetic interactions between pitx3 and foxe3. The pitx3 morphants (M) lacked Pitx3 protein at 3 and 4 dpf, while wild-type levels of Pitx3 were detected in both the mismatch control morpholino-injected (mmC) and uninjected (uiC) controls (panel A; arrow). At 5 dpf, Pitx3 protein was detected in the pitx3 morphants and the controls. Panel B demonstrates that Foxe3 protein is not detected in the pitx3 morphants (M) at 3 and 4 dpf, but is present in both controls (mmC and uiC). In 5 dpf morphants, Pitx3 and Foxe3 are present at nearly normal levels (panels A and B, respectively). Actin detection within the extracts demonstrates equivalent protein loading of the lanes (panel C).
temporal expression pattern (Fig. 2) and further demonstrated the presence of maternal foxe3 transcripts. The foxe3 PCR products were also generated from foxe3 morphants. Similarly, pitx3 transcription was not affected by Foxe3 knockdown at these time points. However, the absence of foxe3 PCR products from 12 hpf pitx3 morphants suggested that zygotic expression of foxe3 transcripts was absent at this developmental age. In these pitx3 morphants, the foxe3 RT-PCR products amplified at 2 and 6 hpf were consistent with the presence and persistence of maternally derived foxe3 transcripts. These results suggested that Pitx3 is required for foxe3 gene expression. Fig. 13 . Immunolocalization of Pitx3 and Foxe3 in foxe3 and pitx3 morphant eye tissues. The Pitx3 and Foxe3 proteins were immunolocalized in frozen sections of either foxe3 or pitx3 morphant eyes and the relevant mismatch control morpholino-injected embryos (mmControl). Pitx3 is detected in the lens of foxe3 mmControl embryos at 3, 5 and 7 dpf (panels A, E and I, respectively), and also in the foxe3 morphant lens at these same time points (panels B, F and J). The Pitx3 spatial expression pattern is disrupted in the foxe3 morphants. A wild-type Foxe3 expression pattern is displayed in the pitx3 mmControl embryos at 3, 5 and 7 dpf (panels C, G and K, respectively). In contrast, Foxe3 protein is not detected in the pitx3 morphants at 3, 5 and 7 dpf (panels D, H and L, respectively; arrows delineate the lens tissue). The scale bar in panel A (50 lm) applies to all the panels. Abbreviations: PL, photoreceptor layer; INL, inner nuclear layer; GCL, ganglion cell layer.
Foxe3 protein expression is reduced by antisense knockdown of pitx3
We further examined the regulatory relationship between Pitx3 and Foxe3 by determining the effect of Pitx3 on Foxe3 protein expression using immunoblots of the pitx3 morphants (Fig. 12) . As expected, Pitx3 protein was nearly undetectable in the pitx3 morphants at 3 and 4 dpf, while wild-type levels of Pitx3 were detected in the controls (Fig. 12A) . At 5 dpf, the Pitx3 protein approached the control levels in the pitx3 morphants (Fig. 12A) , which is consistent with an age-dependent diminution in knockdown efficiency in some individuals at this older age (Nasevicius and Ekker, 2000) . In parallel with the Pitx3 knockdown, Foxe3 protein expression was abolished in the pitx3 morphants at 3 and 4 dpf (Fig. 12B) . Foxe3 protein expression returned in the pitx3 morphants at 5 dpf, which paralleled the time course of increasing Pitx3 in these morphants. In contrast, the foxe3 morphants exhibited wild-type levels of Pitx3 protein (Fig. 6B) .
The immunoblot results were confirmed by immunolocalization of the Pitx3 and Foxe3 proteins in foxe3 and pitx3 morphant and control frozen sections (Fig. 13) . Pitx3 expression was detected in the mismatch control embryo lens at 3, 5 and 7 dpf (Fig. 13, panels A, E and I, respectively). Pitx3 protein was also detected in the foxe3 morphant lens at each of these time points, although the aberrant lens morphology of the foxe3 morphants affects the Pitx3 localization pattern (Fig. 13 , panels B, F and J, arrows indicate extent of aberrant lens tissue). This demonstrates that Foxe3 protein is not required for Pitx3 protein expression. In contrast, Foxe3 was nearly undetectable in the lens of the pitx3 morphants at 3, 5 and 7 dpf (Fig. 13 , panels D, H and L, respectively), although wild-type levels of Foxe3 were detected in the controls (Fig. 13 , panels C, G and K). Thus, the immunolocalization results are consistent with the immunblot results demonstrating a severe reduction of Foxe3 protein in association with the knockdown of Pitx3 expression. We failed to detect wild-type levels of Foxe3 in any pitx3 morphant lens that was examined by immunohistochemistry (n = 3 for each time point). Taken together, these results suggest that foxe3 lies genetically downstream of pitx3 in a pathway of lens development in zebrafish.
Discussion
To characterize zebrafish homologs of mammalian lens development genes, which could serve as candidate genes for zebrafish lens mutants, we cloned and characterized zebrafish foxe3. A polyclonal antiserum was developed that recognizes the zebrafish Foxe3 protein on immunoblots, in embryo wholemounts, and frozen tissue sections. Transcription of foxe3 in the lens is detected by in situ hybridization at 24 hpf, which is earlier than the protein can be immunolocalized (31 hpf). This suggests very low levels of Foxe3 protein may be present during lens induction and the initial stages of lens cell differentiation in zebrafish. Based on frozen section immunohistochemistry, the protein is localized to lens epithelial cells and a subpopulation of elongating fiber cells at 3 dpf. Antisense morpholino knockdown of Foxe3 expression causes aberrant lens development, but does not appear to affect the retina. The morphant lens is reduced in size and characterized by multilayered epithelial cells, increased numbers of nucleated cells and fiber cell disorganization leading to a severely dysmorphic lens. In some cases, the morphant lens cells appear to organize in laminar fashion and immunohistochemical markers of differentiated retinal cells are detected within the abnormal lens tissue. Based on RT-PCR, zygotic foxe3 mRNA expression is eliminated by morpholino-mediated knockdown of Pitx3 and Foxe3 protein is nearly undetectable by immunoblot and tissue immunolocalization in the pitx3 morphants. These results suggest that Pitx3 is required for foxe3 expression during zebrafish lens development.
Morpholino antisense oligomers are widely used in zebrafish to analyze gene function by characterizing the phenotypes caused by their transcript-specific reduction in protein translation (Nasevicius and Ekker, 2000) . Morpholinos can also cause non-specific effects, particularly within the developing central nervous system (Ekker and Larson, 2001 ). We used different controls and levels of analysis to ensure the specificity of the foxe3 morpholinos. First, two different non-overlapping foxe3 morpholinos caused similar effects that were evaluated by gross morphology and light microscopic histology. In addition, a control morpholino with changes at five positions relative to one of the foxe3 morpholinos failed to cause any discernable phenotype. Second, a Foxe3 antibody demonstrated the Foxe3 protein was nearly eliminated in the morpholino-injected embryos, but not in the mismatch control morpholino-injected embryos. The reduction in Foxe3 protein was specific, because immunoblot analysis demonstrated that Pitx3 protein levels were not affected in the foxe3 morphants. Finally, histology and immunohistochemistry demonstrated the foxe3 morphant eye phenotype was restricted to the lens and did not affect retinal development.
Several prominent features characterize the zebrafish foxe3 morphant lens. First, the epithelial cells are multilayered and exhibit aberrant morphologies compared to the controls. This epithelial layering was most evident at 3 dpf because their cell morphology and location often allowed them to be distinguished from underlying fiber cells. This was usually, but not always the case though, as one severely affected morphant possessed only a sphere of round nucleated cells with no accompanying fiber cells at 3 dpf (data was not shown). This continuum of phenotypic severity was also evident at the macroscopic level in the wide range of morphant pupil sizes. Variability in Foxe3 protein levels caused by slight differences in morpholino concentration or activity may underlie this apparent phenotypic variation. However, phenotypic variability between the two eyes within individual mice was observed in the foxe3 heterozygotes, of which 40% displayed either uni-or bilateral defects (Ormestad et al., 2002) . Likewise, some foxe3 morphants were identified with asymmetric eye and pupil size reductions. In extreme examples, fish were observed with one eye lacking a pupil and the other eye possessing a pupil of nearly wild-type size.
In addition to the epithelial cell disorganization, the histology of the morphant lens changes between 3 and 5 dpf. At 5 and 7 dpf, the nucleated cell numbers appear to increase and these nuclei are larger, more darkly stained and appear more homogenous relative to 3 dpf. Reduced lens epithelial cell proliferation in the Foxe3 null mouse, as demonstrated by BrdU-labeling, likely accounts for the small lens size in these mutants (Medina-Martinez et al., 2005) . In contrast, the foxe3 morphant lens exhibits a nearly continuous nucleated cell sheet that fills the posterior lens space at 5 dpf. The majority of these nucleated cells are proliferating as demonstrated by PCNA immunohistochemistry. The expansion of the nucleated cell mass in the foxe3 morphant lens is reminiscent of the lens opaque (lop) mutant phenotype, which is characterized by increased cell proliferation in the lens-associated cells (Vihtelic et al., 2005b) . This increased cell proliferation persists until at least 7 dpf and the histology suggests the multiplying morphant lens cells do not die. Very few pyknotic nuclei are also observed in the foxe3 morphant lens, although TUN-EL was not performed to directly evaluate the relative levels of cell death. In the Foxe3 null mouse, premature or aborted lens cell differentiation leads to increased levels of apoptosis and severe vacuolization of the mutant lens (Medina-Martinez et al., 2005) . In contrast, the zebrafish foxe3 morphant lens maintains what may be a largely undifferentiated cell population. While at least some fiber cell differentiation programs initiate in the foxe3 morphant lens resulting in the expression of aA-crystallin, the fibers fail to properly organize, as evidenced by the aberrant actin expression patterns. In addition, relatively few morphant lens cells appear to express either aA-crystallin or the lens-specific zl-1 antigen at 7 dpf.
The expression pattern of Foxe3 in the embryonic and larval lens and the foxe3 morphant phenotype suggest that zebrafish Foxe3 plays a role in controlling the transition of epithelial cells into differentiated secondary fiber cells. Similarly, recent characterization of the mouse Foxe3 knockout suggests Foxe3 regulates the balance between proliferation of the epithelial cells and differentiation of these cells into secondary fibers (Medina-Martinez et al., 2005) . In mouse and Xenopus, Foxe3 (and FoxE4) transcripts are restricted to the lens anterior epithelial cells and gene expression is down-regulated in the differentiating fibers (Blixt et al., 2000; Kenyon et al., 1999) . In Foxe3 null mice, DLAD (DNase IIb) expression, which is necessary for nuclear degradation during lens fiber differentiation, is reduced (Medina-Martinez et al., 2005; Nishimoto et al., 2003) . DLAD gene expression has not been identified in zebrafish, although DNaseI-like transcripts were identified in adult zebrafish lens (Vihtelic et al., 2005a) . Thus, Foxe3 activity may be necessary in the elongating fiber cells to regulate the expression of a DNase enzyme to degrade the nuclear DNA, which is one of the critical steps in fiber cell differentiation (Bassnett, 2002; Bassnett and Beebe, 1992; Bassnett and Mataic, 1997) . Alternatively, lack of Foxe3 protein in the lens epithelial cell population may affect the underlying fiber cells in a non-cell autonomous manner.
The immunolocalization of Foxe3 and Pitx3 to the lens nucleated cell population of zebrafish larvae suggested the genes may interact during lens formation or growth. During development in Xenopus, Pitx3 expression appeared to precede FoxE4 as demonstrated by RT-PCR (Kenyon et al., 1999; Zuber et al., 2003) . However, we failed to identify significant differences in the temporal expression of these two genes in zebrafish based on RT-PCR of whole embryos (Shi et al., 2005 and these data). Therefore, we coupled RT-PCR and protein expression analyses of both Pitx3 and Foxe3 using pitx3 and foxe3 morphants to examine potential genetic interactions between these two transcription factors. The RT-PCR demonstrated there were no detectable foxe3 transcripts at 12 hpf in the pitx3 morphant embryos, which suggests that Pitx3 may regulate foxe3 expression at the level of transcription. The amplification of foxe3 at 2 and 6 hpf is consistent with maternal loading of the embryo with these transcripts, whose presence at these times would not be affected by morpholinomediated Pitx3 reduction. The Pitx3 effects on Foxe3 were confirmed at the level of protein expression by immunoblot and immunolocalization experiments. The immunoblots demonstrated the effective knockdown of both Pitx3 and Foxe3 proteins in the pitx3 morphant. Furthermore, the immunolocalization of Pitx3 and Foxe3 proteins in the morphant frozen eye sections confirmed the drastically reduced amount of Foxe3 protein in the pitx3 morphant lens at 5 dpf. Thus, Pitx3 knockdown resulted in the elimination of zygotic foxe3 transcription, which lead to greatly reduced Foxe3 protein in the larval lens. Separate studies in mammals placed Foxe3 downstream of Pax6 and demonstrated that Pax6 regulates Pitx3 during mouse lens development, although genetic interactions between Foxe3 and Pitx3 were not examined (Brownell et al., 2000; Chauhan et al., 2002b; Dimanlig et al., 2001; Lang, 2004) . In Xenopus, changes in Pitx3 expression altered FoxE4 transcript levels. Pitx3 overexpresssion in Xenopus animal cap explants induced both early (Rx, Pax2) and late eye genes, including FoxE4 and bB1-crystallin (Khosrowshahian et al., 2005) . Together, these data suggest that genetic interactions between pitx3 and foxe3 are conserved across phyla, although it remains to be determined if Pitx3 directly regulates foxe3 in zebrafish or other species.
The zebrafish foxe3 morphant phenotype differs from the pitx3 morphant phenotype in several ways. First, retinal formation appears largely unaffected in the foxe3 morphants, while Pitx3 knockdown resulted in severe changes in both the lens and retina (Shi et al., 2005) . In addition, the foxe3 morphant lens cells survive to at least 7 dpf, while the pitx3 morphant lens and retina displayed progressive cell death and degeneration through 7 dpf. This suggests that Pitx3 is required for both retinal and lens development and viability, while Foxe3 may be necessary for lens fiber differentiation because Foxe3 knockdown results in the accumulation of nucleated cells in the lens that fail to express lens differentiation markers such as aA-crystallin and the zl-1 antigen. Although pitx3 is required for lens and retina formation in zebrafish, we failed to detect Pitx3 in the retina by in situ RNA hybridization, immunolocalization, or RT-PCR (Shi et al., 2005, these data, and unpublished results) . Therefore, knockdown of Pitx3 may interrupt three separate pathways necessary for zebrafish eye development. One pathway functions within non-retinal tissue (perhaps the lens) and results in the production of factor(s) that are necessary for retinal development or cell survival (Kurita et al., 2003; Soares et al., 2004; Yamamoto and Jeffery, 2000) . A second Pitx3-dependent pathway within the lens cells regulates Foxe3 expression. The requirement for Foxe3 activity during lens development may occur subsequent to the temporal window during which the Pitx3-dependent signals for lens-induced retinal formation are generated. This may be the case because removal of the lens from zebrafish at 24 hpf fails to cause significant retinal abnormalities (unpublished results). Therefore, the foxe3 morphant lens may still produce these retinotrophic signals, even while these lens cells fail to terminally differentiate. The third Pitx3 pathway is required for lens cell viability. This is different from the Foxe3-regulated pathway because Pitx3 knockdown results in significant lens cell death, while Foxe3 knockdown fails to cause any widespread death of the lens cells.
This manuscript described the identification of the zebrafish foxe3 ortholog. Polyclonal antisera were generated and used for immunoblot and immunohistochemical analyses of both Foxe3 and Pitx3 expression in zebrafish embryos and larvae. Foxe3 transcription in the lens was identified in the epithelial cells at 24 hpf and Foxe3 protein was immunolocalized to the nucleated lens cell population including newly differentiating secondary fiber cells. Morphant analyses demonstrated that Foxe3 regulates lens cell proliferation and may be necessary for proper lens fiber differentiation. Comparison of foxe3 and pitx3 transcription and protein expression in both foxe3 and pitx3 morphants demonstrated that foxe3 lies genetically downstream of a Pitx3-regulated pathway, which is necessary for lens development in zebrafish. Therefore, these studies demonstrated the critical role Foxe3 plays during zebrafish lens development and they contribute to the further elucidation of the transcription factor hierarchies that are necessary for vertebrate lens formation. The molecular and immunological reagents that were generated for these studies will be useful to further define the molecular basis of vertebrate lens development using both wild-type and mutant zebrafish.
Experimental procedures
Animals
Zebrafish (Danio rerio) were raised and maintained on a 14 h light/10 h dark cycle using standard protocols (Westerfield, 1993) . The embryos used for these studies were obtained by natural spawning and raised at approximately 28°C with their developmental stage determined in either hours or days post-fertilization (hpf or dpf, respectively). All experiments were conducted in accordance with the protocols approved by the animal use committee at the University of Notre Dame and the ARVO statement on the use of animals in vision research.
Gene cloning, mapping and phylogenetic analysis
A TBLASTN search was performed against the zebrafish genomic assembly Zv3 (http://www.ensembl.org/Danio_rerio/) using the human FOXE3 protein sequence (NP_036318). A genomic clone (ctg25480.1) was identified based on the deduced high amino acid similarity to the human protein. The full-length zebrafish foxe3 cDNA was obtained by 5 0 and 3 0 -RACE using cDNA made from 24 hpf embryos and primers that were based on the zebrafish genomic sequence (FastTrack and GeneRacer Kits; Invitrogen, Carlsbad, CA). Comparison of the foxe3 cDNA and genomic sequences revealed that the zebrafish foxe3 gene lacks introns.
The foxe3 gene was mapped using the LN54 radiation hybrid panel (Hukriede et al., 1999 (Hukriede et al., , 2001 . Primers were designed to amplify a 271 bp product (forward 5 0 -TACTGCCCGTTTAGTTAGG-3 0 and reverse 5 0 -CTCGGCTTTGATGAGAAT-3 0 ) and all PCR amplifications were performed in duplicate. The results were analyzed using RHVECTOR (http://mgchd1.nichd.nih.gov:8000/zfrh/beta.cgi).
Protein sequence alignments were performed using ClustalX v1.83 and the default parameters (ftp://ftp-igbmc.ustrasbg.fr/pub/ClustalX/). Phylogenetic analysis, using the full-length protein sequences, was performed using ClustalX and the neighbor-joining method (Saitou and Nei, 1987) . Confidence values were estimated using 1,000 bootstrap replicates and a phylogenetic tree was constructed using TreeView v1.6.6 (http://taxonomy. zoology.gla.ac.uk/rod/treeview.html).
The GenBank accession numbers for the proteins used in the alignment and phylogenetic analysis were: NP_001027947 (Ci Foxe), NP_004463 (Hs Foxd1), NP_032268 (Mm Foxd1), AAH75922 (Dr Foxd1), AAC78313 (Xl Foxd1A), AAA41324 (Rn Foxd1), AAB81275 (Mm Foxd2), CAI14974 (Hs Foxd2), CAC69867 (Xl Foxd2A), AAF05844 (Hs Foxd3), AAC28352 (Mm Foxd3), AAC06366 (Dr Foxd3), AAA41319 (Rn Foxd3), CAC12963 (Xl Foxd3A), NP_997188 (Hs Foxd4), NP_032048 (Mm Foxd4), XP_574644 (Rn Foxd4), NP_571345 (Dr Foxd5), NP_004464 (Hs Foxe1), NP_899121 (Mm Foxe1), NP_620264 (Rn Foxe1), AAS82575 (Xl Foxe1), NP_036318 (Hs Foxe3), NP_056573 (Mm Foxe3), XP_233428 (Rn Foxe3), AAF20385 (Xlens1).
RT-PCR
For the temporal analysis of foxe3 gene expression, total RNA was extracted from whole embryos and larvae at different developmental stages and adult tissues using TRIzol (Invitrogen), followed by incubation with DNase I (Amplification Grade, Invitrogen). First strand cDNA was synthesized and treated with Rnase H (First Strand Synthesis System for RT-PCR; Invitrogen). Zebrafish foxe3 was amplified using primers RT-PCR was also used to compare foxe3 and pitx3 gene expression in both foxe3 and pitx3 morphant embryos. For this experiment, total RNA was extracted from 40 embryos at each time point (TRIzol, Invitrogen) and treated with DNase I (Invitrogen). Zebrafish foxe3 was amplified using the same primers shown above, while zebrafish pitx3 was amplified using primers Forward 5 0 -GAATGGAGCGTCACAATG-3 0 and Reverse 5 0 -GACAAAGCAGGCTACACC-3 0 (94°C, 30 s; 54°C, 30 s and 72°C, 38 s). b-Actin was amplified as a control and PCRs were carried out for 50 cycles to assure that negative reactions lacked any amplifiable template. Negative control reactions without reverse transcriptase or template were also carried out.
Wholemount in situ RNA hybridization
A 655 bp product, which included 567 bp of 3 0 ORF and the first 88 bp of 3 0 -UTR, was PCR amplified from the full-length foxe3 cDNA (primers Forward 5 0 -TGTGACATCTGGCTACGG-3 0 and Reverse 5 0 -CGCCAAGATAGGCTACATAA-3 0 ) and cloned into the pCR4 vector (Invitrogen). SP6 and T7 RNA polymerases (Roche, Indianapolis, IN) were used to in vitro transcribe digoxigenin-labeled sense and antisense probes, respectively. Wholemount in situ hybridizations were carried out essentially as described (Thummel et al., 2004) . Embryos were dechorionated, fixed in 4% paraformaldehyde/PBS (pH 7.4) and washed with PBS/ 0.05% Tween-20 (PBST). The embryos were dehydrated step-wise into 100% methanol, rehydrated into 100% PBST, briefly digested with Proteinase K (10 lg /ml in PBST) and post-fixed with 4% paraformaldehyde/PBS. The embryos were pre-hybridized (50% formamide/5· SSC/500 lg/ml yeast tRNA/0.1% Tween-20/0.1% Chaps/50 lg/ml heparin) for 2 h at 55-60°C, hybridized at 55-60°C for 3 days and extensively washed in 50% formamide/2· SSCT. After incubation in blocking buffer (20% sheep serum/PBST) for 2 h at room temperature, the embryos were incubated in pre-absorbed alkaline phosphatase-conjugated anti-digoxigenin Fab fragments (Roche) overnight at 4°C. The embryos were washed in blocking buffer and staining buffer (100 mM Tris (pH 9.5)/50 mM MgCl 2 /100 mM NaCl/0.1% Tween-20/0.2 mg/ml Levamisole) and incubated in BM Purple substrate (Roche) at 37°C. The color reaction was stopped by washing in PBST and the embryos were fixed in 4% paraformaldehyde/PBS, embedded in JB-4 resin (Polysciences, Warrington, PA), and sectioned at 5 lm using a JB-4 Microtome (Sorvall, Asheville, NC).
Antibody generation, fluorescent dye conjugation and immunoblot analysis
We generated three different rabbit polyclonal antisera that were used in these studies. Foxe3 and Pitx3 polyclonal antisera were made against Escherichia coli fusion proteins, while aA-crystallin polyclonal antiserum was generated against a synthesized peptide.
Anti-Foxe3
A 605 bp DNA sequence encoding amino acids 204-404 of the deduced Foxe3 protein was PCR amplified (primers 5 0 -TGTGACATCTGGC TACGG-3 0 and 5 0 -TTGTAGGAATTCATCGTTGGC-3 0 ) and cloned into the pET-32a(+) vector (Novagen, EMD Biosciences, San Diego, CA) for expression in E. coli. This Foxe3 region lacks any identified conserved domains, which should minimize antiserum cross-reactivity with other proteins. The fusion protein was induced, purified by inclusion body isolation (BugBuster Protein Extraction Reagent, Novagen) and rabbits were immunized using the purified inclusion bodies (PickCell Laboratories, Amsterdam, The Netherlands). The polyclonal antiserum was purified by Protein A column chromatography (Pierce, Rockford, IL).
Anti-Pitx3
A 360 bp DNA sequence encoding amino acids 134-253 of the zebrafish Pitx3 protein (NP_991238) was PCR amplified (primers 5 0 -CAGTTC AATGGACTCATGCAGCCGTAT-3 0 and 5 0 -ACAGGTGTCTCTGTA CATGTATGGACC-3 0 ), cloned into the pET32a(+) vector and expressed in E. coli. The induced His-tagged fusion protein was purified using a His-Bind column (Novagen) and used to immunize rabbits (PickCell Laboratories). The anti-Pitx3 serum was purified by Protein A chromatography (Pierce). This polyclonal antiserum was used for tissue immunolocalization of the Pitx3 protein, while a previous anti-Pitx3 peptide polyclonal antiserum that we generated (Shi et al., 2005) was used for the immunoblot analyses.
Anti-aA-crystallin
A peptide corresponding to the 20 carboxyl terminal amino acids of zebrafish aA-crystallin (AAK61363) was conjugated to KLH and used to immunize rabbits (Proteintech Group, Chicago, IL). This aA-crystallin peptide sequence was selected because it lacks any significant amino acid identity with either zebrafish aB1-or aB2-crystallin proteins (NP_571232 and AAZ15808, respectively). The aA-crystallin antiserum was purified over an affinity column (AminoLink; Pierce) made using a full-length zebrafish aA-crystallin bacterial fusion protein expressed from the pET32a(+) vector (Novagen). The affinity purified aA-crystallin antiserum recognized a single band on immunoblots of zebrafish adult lens extract and immunolocalized lens-specific protein in zebrafish embryonic and larval frozen sections (data not shown).
The purified polyclonal Foxe3 and Pitx3 antisera were conjugated to AlexaFluor-488 or AlexaFluor-594 for double label immunolocalization studies using the AlexaFluor Protein Labeling Kit (Invitrogen) and following the manufacturer protocols exactly.
For immunoblot detection of the Foxe3 and Pitx3 proteins, whole zebrafish embryos (24 hpf) or heads from embryos or larvae (3, 4, 5 or 7 dpf) were homogenized in 0.02 M NaPO 4 (pH 7.4)/0.01 M EDTA/0.5% Triton X-100. At least 20 embryos or larval heads were homogenized for each time point that was examined. The individual homogenates were microcentrifuged at 15,000g for 3 min and the supernatants mixed with NuPAGE LDS Sample Buffer (Invitrogen) and heated for 10 min at 70°C. The total protein equivalent of one embryo or one larval head was loaded into each lane and electrophoresed through a 4-12% polyacrylamide Bis-Tris gradient gel (NuPAGE Novex; Invitrogen). The separated proteins were electrotransferred to Hybond-P PVDF membrane (Amersham, Piscataway, NJ) at 35 V for 1 h in NuPAGE Transfer Buffer (Invitrogen). Protein A-purified Foxe3 antiserum or protein A-purified Pitx3 peptide antiserum (Shi et al., 2005) was incubated with the membrane and antibody binding detected using the ECL system (Amersham) as previously described (Shi et al., 2005) . The immunodetection of actin (monoclonal antibody Ab-1; CalBiochem, EMD Biosciences, San Diego, CA) in each sample was used as a control for protein loading.
Morpholino oligomer design, injections and morphant eye measurements
Morpholinos were purchased from Gene Tools (Corvallis, OR). Two different morpholinos were designed to hybridize to non-overlapping sequences in the 5 0 -untranslated region of the zebrafish foxe3 transcript: 5 0 -ACCTAAATTTGCCTAACTAAACGGG-3 0 (foxe3 81-57) and 5 0 -CAAGATTCATAAAAGTTGTCTAATA-3 0 (foxe3 140-116). A control morpholino, containing five mismatches relative to foxe3 81-57, 5 0 -ACgTAAtTTTcCCTAAgTAAAaGGG-3 0 was also used (mismatched bases are shown in lower case). Due to the absence of introns in the foxe3 gene, a splice junction morpholino could not be used. The morpholinos were resuspended in water at 1 mg/ml and injected into 1-4 cell-stage embryos as described (Shi et al., 2005; Wei et al., 2004) . The pitx3 morpholino sequence and protocol were previously described (Shi et al., 2005) .
Morphant (foxe3 81-57) and wild-type eye and pupil dimensions were quantified at 5 dpf. Single eyes of individual larvae were photographed and the Spot (Diagnostic Instruments; Sterling Heights, MI) image analysis program was used to make two measurements for each eye and pupil corresponding to their length and width. For these purposes, the longest dimension of the roughly elliptical eye or pupil was measured and designated as ''length'', while the shortest dimension was measured perpendicular to the length of the eye or pupil and was designated as ''width''. A total of 50 wild-type and 67 morphant eyes and their corresponding pupils were measured for this analysis. Statistical significance (p < 0.001) between the morphant and wild-type eye and pupil measurements was determined by the Mann-Whitney Rank Sum test using SigmaStat (v3.0.1).
Histology
Experimental and control embryos and larvae were fixed in 2% formaldehyde/2.5% glutaraldehyde/0.1 M cacodylate (pH 7.4) and processed into Polybed 812 as previously described (Shi et al., 2005) .
Immunohistochemistry
Immunohistochemistry was performed on frozen larval sections as previously described (Shi et al., 2005; Vihtelic et al., 2001 ). Morphant, mismatch morpholino-injected and wild-type control larvae were fixed, embedded in agarose and sectioned at 12 lm. TBS (pH 7.4)/5% normal goat serum/0.3% Triton X-100 was used to block the tissues and to dilute the primary and secondary antibodies. All primary antibody incubations were overnight at room temperature and washes were performed using TBS/0.05% Tween-20.
Lens structure and cell differentiation were evaluated by immunodetection of the zl-1 antigen (1:500; University of Oregon Monoclonal Antibody Facility) as previously described (Vihtelic et al., 2001 ). In addition, aA-crystallin and Pitx3 proteins were detected using the purified rabbit polyclonal antisera generated for these studies (1:800 and 1:400, respectively). Filamentous actin in the lens and retina was stained using AlexaFluor 488-conjugated phalloidin (1:50; Molecular Probes, Eugene, OR) in TBS/5% normal goat serum/0.5% Triton X-100. Retinal amacrine and ganglion cells were detected using a monoclonal antibody to HuC/D (1:30; Molecular Probes), while rod photoreceptors were detected using affinity-purified polyclonal antibodies to zebrafish rhodopsin that were diluted 1:5000 (Vihtelic et al., 1999) . The double cone photoreceptors were identified using the monoclonal antibody zpr-1 (1:200; University of Oregon Monoclonal Antibody Facility). Proliferating cells were labeled using a mouse monoclonal antibody to PCNA (Vihtelic et al., 2005b) . All antibody incubations were overnight at room temperature and coverslips were mounted with Vectashield (Vector Laboratories, Burlingame, CA). Nuclei in some of the tissue sections were stained using Vectashield containing propidium iodide (Vector Laboratories).
Wholemount immunohistochemistry was carried out as previously described with some modifications (Vihtelic et al., 2001 ). The zebrafish larvae were fixed in 9:1 ethanolic formaldehyde (95% ethanol:37% paraformaldehyde) for 1 h at room temperature, washed in PBS and placed in methanol for 5 min at À20°C. The fixed larvae were blocked in PBS/ 5% normal goat serum/1% DMSO/0.1% Triton X-100 and incubated in the primary antibodies for 72 h at 4°C. The larvae were washed in blocking buffer and incubated in secondary antibody overnight at 4°C. The secondary antibodies for these studies were conjugated to either AlexaFluor 488 or AlexaFluor 594 (Molecular Probes).
